and the degree of injury were lower in female than male S rats maintained on a 0.4% NaCl diet. 4% NaCl diet increased mean arterial pressure (MAP), proteinuria, and renal injury to the same extent in both male and female S rats. Chronic treatment with 1D11 had renoprotective effects in both sexes. The ability of 1D11 to oppose the development of proteinuria when given alone or in combination with antihypertensive agents was further studied in 6-wk-old female S rats, since baseline renal injury was less than that seen in male rats. 1D11, diltiazem, and hydrochlorothiazide (HCT) attenuated the development of hypertension, proteinuria, and glomerular injury. 1D11 had no additional effect when given in combination with these antihypertensive agents. We also explored whether 1D11 could reverse renal injury in 9-wk-old male S rats with preexisting renal injury. MAP increased to 197 Ϯ 4 mmHg and proteinuria rose to Ͼ300 mg/day after 3 wk on a 4% NaCl diet. Proteinuria was reduced by 30 -40% in rats treated with 1D11,
hypertension; renal injury; kidney; glomerulus; chronic kidney disease HYPERTENSION IS ONE OF THE leading causes of chronic kidney disease (CKD) that affects nearly 20 million Americans (9, 17) . Despite effective medications, compliance and drug costs remain a problem, and only a small percentage of patients achieve adequate blood pressure control (9) . As a result, the incidence of CKD is still increasing, and the cost to the federal government now exceeds $42 billion/yr. Clearly, there is a need for more effective therapies to slow the progression of hypertension-induced CKD.
Transforming growth factor-␤ (TGF-␤) is a multifunctional cytokine with profibrogenic properties that has been implicated in the pathogenesis of renal, cardiac, and vascular end-organ damage associated with hypertension (5, 24, 29, 36, 37, 44) . TGF-␤ increases the deposition (27) and reduces the degradation of matrix proteins (14) and facilitates a profibrotic state (4) . Previous studies have indicated that circulating and/or renal concentrations of TGF-␤1 are elevated in man and experimental animal models of glomerulonephritis (39, 42) , diabetic nephropathy (32, (37) (38) (39) , and hypertension-induced glomerular disease (4, 28) . Chronic administration of TGF-␤2 or upregulation of the expression of TGF-␤1 induces renal fibrosis (19, 22) and glomerular disease in experimental animal models, similar to that seen in patients with diabetes and/or hypertension (5, 20, 21, 23, 27) . Other studies have suggested that the renal production of TGF-␤ is stimulated by elevations in dietary sodium intake and in salt-sensitive forms of hypertension (35, 40, 41) . This is associated with a rise in proteinuria and renal hypertrophy and fibrosis (2, 6, 31, 33, 43) . Chronic inhibition of TGF-␤ with decorin or knockdown of the expression of TGF-␤ has been reported to reduce the degree of glomerulosclerosis in models of experimental proliferative glomerulonephritis (3, 4, 18) . Downregulation of TGF-␤ expression with either antisense oligodeoxynucleotides or inhibition of the actions of TGF-␤ with a neutralizing antibody also have been shown to decrease proteinuria in animal models of renal injury (1, 7, 8, 15, 44) .
More recently, chronic administration of an anti-TGF-␤ antibody was found to reduce mean arterial pressure (MAP), proteinuria, and the degree of renal medullary interstitial fibrosis in 12-wk-old male Dahl S rats fed a high-salt diet (10) . However, it did not reduce the degree of glomerulosclerosis, in part, because the male animals in this study already exhibited rather severe glomerular injury, even when they were maintained on a low-salt diet to prevent the development of hypertension. Thus, it remains to be determined whether chronic blockade of TGF-␤1 can delay or prevent the development of hypertension-induced renal injury if it is given to younger animals prior to the development of glomerular disease. Moreover, little is known as to whether there are any sex differences in the renal expression of TGF-␤ or the effectiveness of anti-TGF-␤ therapy on the development of proteinuria and glomerular disease in Dahl S rats. Thus, the present study compared the renal expression of TGF-␤1, TGF-␤2, and TGF-␤3 and the development of hypertension, proteinuria, and glomerular injury in young (6 wk old) male and female Dahl S rats and then examined the renoprotective effects of chronic administration of a murine monoclonal antibody (1D11) that neutralizes all isoforms of TGF-␤ (12), when given alone or in combination with other antihypertensive agents.
MATERIALS AND METHODS
General. Experiments were performed on 234 Dahl S (SS/Jr) rats obtained from a colony maintained at the Medical College of Wisconsin and that were later transferred to University of Mississippi Medical Center. The rats were housed in the animal care facility approved by the American Association for Accreditation of Laboratory Animal Care at both institutions. All protocols were reviewed and approved by the Institutional Animal Care and Use Committee at the Medical College of Wisconsin, as well as the University of Mississippi Medical Center. The rats had free access to food and water throughout the study.
Protocol 1. comparison of the expression of the TGF-␤ isoforms in male and female Dahl S rats. These experiments were performed on 24 male and 24 female Dahl S rats that were maintained from weaning on a control purified AIN-76 diet (Dyets, Bethlehem, PA) containing 0.4% NaCl instead of standard rat chow containing 0.9 -1.0% NaCl by weight. At 6 wk of age, half the rats were switched to a high-salt AIN-76 diet containing 4% NaCl, while the rest of the animals remained on the control diet. After 1 or 3 wk on these diets, the rats were then anesthetized with isoflurane, and the left kidney was collected for measurement of the expression of TGF-␤ proteins by Western blot, and the right kidney was collected for immunohistochemistry.
Western blot analysis. The kidney was separated into renal cortex and medulla and then homogenized in a solution containing 20 mM HEPES, 10 mM sodium chloride, 1 mM sodium orthovanadate, 10 mM sodium fluoride, 10 mM EDTA, and a protease inhibitor cocktail. The homogenates were centrifuged at 5,000 g for 5 min and 9,000 g for 15 min, and the supernatant was collected. Western blot analysis for TGF-␤ isoforms was performed by incubating the blots with TGF-␤1 (sc-146, 1:250; Santa Cruz Biotechnology, Santa Cruz, CA), ␤2 (sc-90, 1:250), and ␤3 (ab-15537, 1:250; Abcam, Cambridge, MA) primary antibodies overnight followed by a 1:10,000 dilution of a horseradish peroxidase-coupled secondary antibody (sc-2004) for 1 h. The blots were exposed to SuperSignal West Dura Extended Duration Substrate (Thermo Scientific, cat. no. 34076) and imaged using a ChemiDoc photodocumentation system (Bio-Rad, Hercules, CA). Equal loading of protein was confirmed by stripping and reprobing the membranes with a ␤-actin primary antibody (Sigma, 1:5,000) overnight followed by a 1:20,000 dilution of horseradish peroxidasecoupled secondary antibody (sc-2004) for 1 h.
Immunohistochemistry. The expression of TGF-␤1, TGF-␤2, and TGF-␤3 proteins was assessed by indirect immunofluoresence staining of frozen kidney sections obtained from both male and female Dahl S rats maintained on the control 0.4% NaCl diet or exposed to a 4% NaCl diet for 1 or 3 wk. The rats were anesthetized with 2% isoflurane, and the kidneys were perfused with 20 ml of 4% paraformaldehyde/4% sucrose solution. The kidneys were extracted, hemisected, and fixed in a 4% paraformaldehyde/4% sucrose solution for 2 h before stored in 30% sucrose solution overnight at 4°C. The kidneys were embedded in Tissue-Tek OCT embedding medium and frozen by liquid nitrogen and stored at Ϫ80°C. Frozen sections (8 M thick) were cut and mounted on poly-L-lysine-coated slides. The sections were fixed in ice-cold acetone for 5 min and air-dried. After a 1-min wash in PBS and two 2-min washes in TBS-Tween 20, the slides were blocked with 1% goat serum ϩ 1% milk for 1 h at room temperature. The slides were incubated overnight at 4°C in a sealed container with isoform specific primary antibody (TGF-␤1; ␤2 or ␤3) Fig. 1 . Western blot analysis of activated (25 kDa) or inactivated (50 kDa) TGF-␤1, TGF-␤2, and TGF-␤3 isoforms in renal cortical homogenates from male and female Dahl S rats fed a control diet containing 0.4% NaCl (C) or a 4% NaCl (HS) diet for 3 and 4 wk, respectively. Numbers in the bars indicate the number of animals per group. *Significant difference (P Ͻ 0.05) from the corresponding value in rats fed the control diet within the same sex. **Significant difference (P Ͻ 0.01) from the corresponding value in male rats within the same diet. at a 1:100 dilution. The slides were rinsed twice with TBS-Tween 20 for 5 min and incubated for 1 h with secondary antibody (Alexa Fluor 488 goat anti-rabbit, 1:1,000 in 1% goat serum). The slides were rinsed 3 times for 2 min in TBS-Tween 20 and counterstained with 0.001% Evan's Blue dye for 5 min to quench the green autofluorescence of the tissue. Finally, the slides were washed twice for 1 min in distilled water, cover slipped with ProLong Gold antifade mounting medium (Invitrogen no. p36930), and stored at 4°C in the dark until analyzed. Images were captured using a Nikon fluorescence microscope using a 20ϫ objective and a color camera using both FITC and rhodamine filter sets and the images overlaid.
Protocol 2: comparison of the sex-dependent effects of anti-TGF-␤ therapy on the development of hypertension-induced renal injury in Dahl S rats. These experiments were performed on 28 male and 35 female Dahl S rats maintained from weaning on a 0.4% NaCl diet. At 6 wk of age, the male rats were switched to the 4% NaCl diet for 3 wk, while the female rats were fed the 4% NaCl diet for 4 wk, until they achieved the same level of proteinuria. A TGF-␤ neutralizing antibody (1D11) was administered via intraperitoneal injection at a dose of 0.5 mg/kg, every other day to 15 of the male and female rats, while 7 male and 13 female control rats received vehicle. An additional six male and seven female rats remained on the control 0.4% NaCl diet for the duration of the study. The rats were placed in metabolic cages weekly to collect overnight urine samples for the measurement of protein excretion. Prior to the end of the study, arterial pressure was measured via an indwelling femoral catheter in male and female rats after 3 and 4 wk on the 4% NaCl diet, respectively (10) . Briefly, 1 wk prior to measurement of arterial pressure, the animals were anesthetized with an intramuscular injection of ketamine (40 mg/kg), xylazine (2.5 mg/kg), and acepromazine (0.6 mg/kg). A catheter was implanted in the femoral artery and tunneled to the back of the neck for direct measurement of arterial pressure. At the end of the experiments, the rats were euthanized with sodium pentobarbital, and the kidneys were collected and weighed to assess the degree of hypertrophy and fixed in a 10% buffered formalin solution for the histological assessment of renal injury. Thin paraffin sections (3 m) were prepared and stained with Masson's trichrome. The degree of glomerular injury was assessed on ϳ30 glomeruli per section. The percentage of the glomerular capillary area filled with matrix material was scored as described previously (30) on a 0 -4 scale, with 0 representing no injury, 2 indicating loss of 50% of glomerular capillary area, and 4 representing the complete loss of capillaries. The sections were also examined for the degree of fibrosis in the outer medulla. Images of the outer medulla were obtained, and the percentage of fibrotic area filled in the outer medulla was determined using the Metamorph imaging program (Universal Imaging, Downingtown, PA).
Protocol 3: prevention study: comparison of anti-TGF␤ antibody therapy given alone or in combination with various antihypertensive agents on the progression of hypertension-induced renal injury in young female Dahl S rats with minimal renal injury. These experiments were performed on 85 six-wk-old female Dahl S rats maintained on a 0.4% NaCl diet, since the results of the experiments in protocol 2 indicated that they have much less baseline renal injury compared with the male rats when maintained on this diet. Following control measurements of proteinuria, the rats were given a 4% NaCl diet for 4 wk. The rats received one of eight treatments: group 1 (n ϭ 12) received vehicle; group 2 (n ϭ 10) was given the angiotensinconverting enzyme inhibitor, captopril (50 mg·kg Ϫ1 ·day Ϫ1 ); group 3 (n ϭ 11) received a calcium channel blocker, diltiazem (100 mg·kg Ϫ1 ·day Ϫ1 ); group 4 (n ϭ 9) was treated with the thiazide diuretic, hydrochlorothiazide (HCT; 100 mg·kg Ϫ1 ·day Ϫ1 ); group 5 (n ϭ 11) received an injection of a TGF-␤ neutralizing antibody, 1D11 (0.5 mg/kg ip, every other day); groups 6, 7, and 8 (n ϭ 7-13 per group) received combination therapy of 1D11 plus captopril, diltiazem, or HCT in the drinking water. Protein excretion was measured weekly, and MAP was measured directly via an indwelling arterial catheter after 4 wk on a 4% NaCl diet. At the end of the study, the rats were euthanized with sodium pentobarbital (100 mg/kg ip), and the kidneys were harvested, weighed, and fixed in 10% buffered formalin for the histological assessment of renal injury, as described above. The sections were also examined for the percentage of protein casts in the outer medulla.
Protocol 4. reversal study: effects of anti-TGF-␤ antibody therapy given alone or in combination with antihypertensive agents in male
Dahl S rats with preexisting injury. These studies were conducted using 48 nine-wk-old male Dahl S rats, maintained on a 0.4% NaCl diet from weaning, since the results obtained in protocol 2 and our previous study (10) indicated that they already exhibit an elevated baseline protein excretion and a relatively high degree of preexisting glomerular injury at this age. The rats were anesthetized by an Fig. 2 . Expression of TGF-␤1 in kidneys of male and female Dahl S rats fed a control (0.4% NaCl) or 4% NaCl (HS) diet for 1 wk. Sections were labeled with an isoform-specific primary antibody (sc-146, 1:250 dilution; Santa Cruz Biotechnology, Santa Cruz, CA), an Alexa Fluor 488 secondary antibody, and counterstained with 0.001% Evan's Blue dye to quench the green autofluorescence of the tissue. Green and yellow fluorescence indicates regions of TGF-␤ expression, whereas red fluorescence indicates background levels of staining. intramuscular injection of ketamine (40 mg/kg im), xylazine (2.5 mg/kg im), and acepromazine (0.6 mg/kg im) and were instrumented with a radiotelemetry transmitter via the femoral artery for chronic monitoring of MAP. Overnight urine samples were collected weekly for assessment of protein excretion. After the determination of baseline MAP and proteinuria, the rats were assigned to one of six treatment groups: group 1 (n ϭ 6) remained on the control diet for the duration of the study; group 2 (n ϭ 12) was placed on a 4% NaCl diet; group 3 (n ϭ 10) was fed a 4% NaCl diet and received intraperitoneal injections of 1D11 (0.5 mg/kg ip) every other day; group 4 (n ϭ 11) was fed a 4% NaCl diet and received HCT (100 mg·kg Ϫ1 ·day Ϫ1 ) in the drinking water; group 5 (n ϭ 12) was fed a 4% NaCl diet and received captopril (50 mg·kg Ϫ1 ·day Ϫ1 ) in the drinking water; and group 6 (n ϭ 9) was fed a 4% NaCl diet and was treated with captopril plus 1D11. The rats were studied for up to 6 wk or until either MAP exceeded 200 mmHg or proteinuria exceeded 400 mg/day, at which time the animals had to be euthanized to recover the telemetry probes.
At the end of the study, a final blood sample was collected, and kidneys and hearts were harvested, weighed, and fixed in 10% buffered formalin for histological evaluation. Images of heart and kidney sections were analyzed for the degree of cardiac and vasa recta fibrosis by thresholding the area of blue color (fibrosis) using Metamorph imaging software (Universal Imaging), as previously described (10) . Statistics. Mean values Ϯ SE are presented. Significance of difference between mean values was determined using a repeated-measures ANOVA with multiple groups or a two-way ANOVA (factored for Fig. 3 . Expression of TGF-␤2 in kidneys of male and female Dahl S rats fed a control (0.4% NaCl) or 4% NaCl (HS) for 1 wk. Sections were labeled with an isoform-specific primary antibody (sc-90, 1:250 dilution; Santa Cruz Biotechnology, Santa Cruz, CA), an Alexa Fluor 488 secondary antibody, and counterstained with 0.001% Evan's Blue dye to quench the green autofluorescence of the tissue. Green and yellow fluorescence indicates regions of TGF-␤ expression, whereas red fluorescence indicates background levels of staining. Fig. 4 . Expression of TGF-␤3 in kidneys of male and female Dahl S rats fed a control (0.4% NaCl) or 4% NaCl (HS) for 1 wk. Sections were labeled with an isoform-specific primary antibody (ab-15537, 1:250 dilution; Abcam, Cambridge, MA), an Alexa Fluor 488 secondary antibody, and counterstained with 0.001% Evan's Blue dye to quench the green autofluorescence of the tissue. Green and yellow fluorescence indicates regions of TGF-␤ expression, whereas red fluorescence indicates background levels of staining. sex and treatment) followed by the Student-Newman-Keul's post hoc test for protocols 1, 2, and 3. ANOVA followed by the StudentNewman-Keul's post hoc test was used to determine significant differences in degrees of fibrosis and protein casts in protocol 3. P Ͻ 0.05 was considered to be significant.
RESULTS

Protocol 1. expression of TGF-␤ isoforms in the kidney of male and female
Dahl S rat fed a 4% NaCl diet. Expression of TGF-␤ isoforms were assessed by Western blot and immunohistochemical analysis in male and female Dahl S rats fed a 4% NaCl diet for 1 and 3 wk (Fig. 1) . After 3 wk on a 4% NaCl diet, activated TGF-␤1 (25-kDa band) was significantly increased in male Dahl S rats (P Ͻ 0.05). The levels of the latent form of TGF-␤2 (50 kDa) also increased in the male rats fed a 4% NaCl diet, but the levels of the active form decreased. We did not detect any expression differences in the active form of TGF-␤3. However, the latent form of TGF-␤3 was significantly decreased in male rats fed a 4% NaCl diet for 3 wk. The expression of the active forms of both TGF-␤1 and TGF-␤2 was significantly lower in the kidneys of female vs. male Dahl S rats fed a 0.4% NaCl diet. However, the renal expression of the latent forms of TGF-␤1, TGF-␤2, and TGF-␤3 were not significantly different in the kidneys of the male and female rats. Moreover, after 3 wk on a 4% NaCl diet, females displayed significantly less active TGF-␤1 compared with males. Unlike the male animals, the expression of the latent forms of TGF-␤1, TGF-␤2, or TGF-B3 did not change in the female Dahl S rats fed a 4% NaCl diet for 3 wk. Similar directional changes were seen in the expression of the TGF-␤ isoforms in male and female rats fed the 4% NaCl diet for 1 wk (data not shown). Using immunohistochemistry, we determined that all 3 isoforms were largely expressed in the proximal tubules of the kidney (Figs. 2-4) . We also found that the expression of TGF-␤1 protein increased markedly in the proximal tubules in male Dahl S rats fed a 4% NaCl diet for 1 wk and returned toward control in animals fed the 4% NaCl diet for 3 wk (data not shown). In contrast, the expression of TGF-␤1 protein was markedly less in female than in male rats fed a 0.4% NaCl diet and the expression of TGF-␤1 did not increase as much in female rats challenged with the 4% NaCl diet. No significant differences were noted in staining of male and female kidneys for TGF-␤2 and TGF-␤3 expression after exposure to a 4% NaCl diet.
Protocol 2. comparison of the effectiveness of anti-TGF-␤ antibody therapy on the development of hypertension-induced renal injury in male and female Dahl S rats.
The effects of 1D11 on MAP and urinary protein excretion in male vs. female Dahl S rats are presented in Fig. 5 . MAP increased in both male (203 Ϯ 7 mmHg) rats and female (194 Ϯ 4 mmHg) Dahl S rats and was not significantly different between sexes after 3 and 4 wk on a 4% NaCl diet (Fig. 5A ). Chronic administration of the TGF-␤-neutralizing antibody, 1D11, significantly attenuated the rise in arterial pressure in both male (179 Ϯ 9 mmHg) and female (165 Ϯ 7 mmHg) rats.
Urinary protein excretion increased to 172 Ϯ 21 mg/day in males and 181 Ϯ 14 mg/day in females after 3 and 4 wk, respectively, on the 4% NaCl diet (Fig. 5B) . Treatment with 1D11 reduced proteinuria to a similar degree in both male (93 Ϯ 15 mg/day) and female (91 Ϯ 15 mg/day) Dahl S rats.
Effect of chronic anti-TGF-␤ antibody therapy on glomerular injury and fibrosis in female and male Dahl S rats.
The degree of baseline glomerular injury was significantly greater in 9-wk-old male rats compared with female Dahl S rats maintained on a 0.4% NaCl diet (Fig. 6) . The glomerular injury score increased significantly in both male and female rats fed a 4% NaCl diet, but the increase was more apparent in females because of the lower baseline injury. Chronic treatment with 1D11 significantly reduced the degree of glomerular injury when given to both the younger male and female rats in this study.
The percentage of tubular necrosis and protein casts in the outer medulla of male and female Dahl S rats is presented in Fig. 7 . The percentage of protein casts in the outer medulla was significantly elevated in male and female Dahl S rats fed a 4% NaCl diet. Chronic blockade of TGF-␤ with 1D11 significantly reduced the percentage of protein casts by 75% in male rats and 70% in the female animals.
Protocol 3. effect of anti-TGF-␤ antibody therapy on preventing renal injury in young female Dahl S rats. We next studied whether chronic administration of anti-TGF-␤ antibody when given alone or in combination with other antihy- Fig. 5 . Effects of anti-TGF-␤ therapy, 1D11 (0.5 mg/kg ip every other day), on mean arterial pressure (MAP) (A) and proteinuria (B) in female Dahl S rats fed a 4% NaCl (HS) diet for 4 wk and male Dahl S rats fed a 4% NaCl diet for 3 wk. Numbers in bars or in parentheses indicate the number of animals studied per group. Values are presented as means Ϯ SE. *Significant difference (P Ͻ 0.05) from the corresponding value in rats fed a control diet within the same sex. #Significant difference (P Ͻ 0.05) from the corresponding value in rats fed a 4% NaCl diet within the same sex.
pertensive agents would afford additional antihypertensive or renoprotective effects in 6-wk-old female Dahl S rats. Female rather than male rats were studied, since the results in protocol 1 indicated that they exhibit less baseline renal injury at 9 wk of age than male rats when maintained on the 0.4% NaCl diet to prevent the development of hypertension. Increases in dietary sodium intake for 4 wk increased MAP to 197 Ϯ 4 mmHg in the female S rats (Fig. 8A) . Administration of the calcium channel blocker diltiazem and the thiazide diuretic HCT significantly reduced MAP to 170 Ϯ 4 and 138 Ϯ 5 mmHg, respectively. Chronic administration of anti-TGF-␤ antibody, alone, lowered MAP ϳ15 mmHg. However, add-on therapy of 1D11 with captopril, diltiazem, and HCT had no additional effect to lower MAP over the effects of each of these agents given alone.
The effects of 1D11 given alone or in combination with other antihypertensive agents on the development of proteinuria are presented in Fig. 8B . Chronic treatment of female Dahl S rats with captopril reduced proteinuria by 35% compared with control rats fed a 4% NaCl diet. Diltiazem (111 Ϯ 12 Fig. 6 . Effects of the treatment of anti-TGF-␤ therapy, 1D11 (0.5 mg/kg ip every other day), on the degree of glomerular injury of male and female Dahl S rats fed a 4% NaCl (HS) diet for 3 and 4 wk, respectively. Numbers in the bars indicate the number of animals per group. Values are presented as means Ϯ SE. *Significant difference (P Ͻ 0.05) within the same sex from the corresponding value in rats fed a control diet containing 0.4% NaCl. †Significant difference (P Ͻ 0.05) from the corresponding value in female rats within the same diet. #Significant difference (P Ͻ 0.05) from the corresponding value in rats fed a 4% NaCl diet within the same sex. Fig. 7 . Effects of the treatment of anti-TGF-␤ therapy, 1D11 (0.5 mg/kg ip every other day), on the degree of percentage of tubular necrosis and protein casts in the outer medulla of male and female Dahl S rats fed a 4% NaCl (HS) diet for 3 and 4 wk, respectively. Numbers in the bars indicate the number of animals per group. Values are presented as means Ϯ SE. *Significant difference (P Ͻ 0.05) within the same sex from the corresponding value in rats fed a control diet containing 0.4% NaCl. #Significant difference (P Ͻ 0.05) from the corresponding value in rats fed a 4% NaCl diet within the same sex. mg/day) was equally effective as captopril in reducing proteinuria. Chronic administration of HCT, which largely prevented the development of hypertension, was the most effective agent in opposing the development of proteinuria (61 Ϯ 9 mg/day). Chronic blockade of TGF-␤ with 1D11, alone, significantly reduced proteinuria, but it did not enhance the beneficial effects of diltiazem, HCT, or captopril.
Effect of anti-TGF-␤ therapy on glomerulosclerosis and fibrosis in 6-wk-old female Dahl S rats.
The effects of 1D11 on the development of glomerulosclerosis are presented in Fig. 9 . Female Dahl S rats fed a 4% NaCl diet for 4 wk exhibited severe glomerulosclerosis, with expansion of mesangial matrix, and collapse of most of the glomerular capillaries. The glomerular injury score averaged 3.1 Ϯ 0.03, indicating loss of 75% of the filtration area in most of the glomeruli examined. Chronic administration of captopril, diltiazem, or HCT had no significant effect on the glomerular injury score, even though proteinuria was reduced. Chronic blockade of TGF-␤ with 1D11, alone and when given in combination with diltiazem or HCT, but not captopril, reduced glomerular injury in female Dahl S rats fed a 4% NaCl diet for 4 wk. However, the degree of renal protection was not greater than that seen in the animals given 1D11 alone.
The percentage of protein casts within the outer medulla of the kidneys of female Dahl S rats fed a 4% NaCl diet are presented in Fig. 10 . Administration of diltiazem or HCT significantly reduced the percentage of protein casts within the outer medulla of female rats fed a 4% NaCl diet for 4 wk. Similar to glomerular injury, administration of captopril, alone, did not lower the development of protein casts in the outer medulla. Chronic treatment of female Dahl S rats with 1D11 alone and when given in combination with captopril, diltiazem, or HCT decreased the percentage of protein casts found in the outer medulla.
Protocol 4: effects of add-on anti-TGF-␤ antibody therapy in male Dahl S rats with preexisting renal injury. A comparison of the effects of various antihypertensive therapies vs.
1D11 on the progression of hypertension and proteinuria in 9-wk-old male Dahl S rats with preexisting renal injury is presented in Fig. 11 . MAP was increased in control Dahl S rats fed a 4% NaCl diet for 3 wk (ϳ180 mmHg) compared with rats fed the 0.4% NaCl diet (Fig. 11A) . After 3 wk on a 4% NaCl diet, chronic treatment with 1D11 or captopril had no significant effect on the development of hypertension. However, administration of HCT (134 Ϯ 5 mmHg) and the combined administration of captopril and 1D11 (139 Ϯ 5 mmHg) significantly reduced blood pressure. Proteinuria increased from 100 to 300 mg/day in Dahl S rats fed 4% NaCl diet for 3 wk (Fig.  11B) . Administration of 1D11 (192 Ϯ 16 mg/day), HCT (119 Ϯ 13 mg/day), and captropril ϩ 1D11 (161 Ϯ 18 mg/day) significantly reduced proteinuria in rats fed a 4% NaCl diet for 3 wk.
We continued to follow the rats for an additional 3 wk to determine whether the renoprotective or antihypertensive actions of these treatments would be sustained. After 6 wk on a 4% NaCl diet, MAP rose to 209 Ϯ 3, 191 Ϯ 3, and 173 Ϯ 9 mmHg in rats treated with captopril, 1D11, and captopril ϩ 1D11, respectively. Similarly, the rats became resistant to the antihypertensive effects of HCT, and MAP rose to 167 Ϯ 11 mmHg. After 6 wk on the 4% NaCl diet, proteinuria was not significantly different in the rats treated with 1D11 (251 Ϯ 26 mg/day), HCT (223 Ϯ 52 mg/day), captopril (394 Ϯ 64 mg/day), or captopril ϩ 1D11 (286 Ϯ 44 mg/day) vs. the control rats.
Effect of chronic anti-TGF-␤ antibody therapy on glomerulosclerosis and renal medullary fibrosis in male Dahl S rats.
The glomerular injury score averaged 2.7 Ϯ 0.1 in 9-wk-old Dahl S rats fed a 0.4% NaCl diet, indicating these animals have rather severe baseline glomerular damage. The glomerular injury score increased slightly to 3.0 Ϯ 0.1, in male Dahl S rats fed a 4% NaCl diet for 6 wk. Treatment with 1D11 (2.7 Ϯ 0.2), captopril (2.97 Ϯ 0.1), HCT (2.9 Ϯ 0.2), and captopril plus 1D11 (2.81 Ϯ 0.1) combination therapy did not protect against glomerular injury compared with male Dahl S rats fed 4% NaCl diet alone, indicating treatment of the rats with 1D11, captopril, HCT, or captopril plus 1D11 did not protect against hypertension-induced damage in older male animals that had preexisting renal injury.
The degree of fibrosis in vasa recta capillaries and the percentage of protein casts and tubular necrosis in the outer medulla of male Dahl S rats fed a 4% NaCl diet for 6 wk are presented in Figs. 12 and 13. After 6 wk on a 4% NaCl diet, the degree of vasa recta fibrosis and area of tubular necrosis and protein casts in the outer medulla was significantly increased compared with that seen in control rats maintained on the 0.4% NaCl diet for the duration of the study. Captopril and HCT did not reduce the degree of vasa recta fibrosis (Fig. 12) ; however, 1D11 given alone or in combination with captopril significantly reduced the degree of vasa recta fibrosis in male Dahl S rats fed a 4% NaCl diet for 6 wk. Chronic treatment with HCT, captopril, or 1D11 alone did not reduce the area of tubular necrosis and protein casts in the outer medulla, but rats treated with captopril and 1D11 exhibited less tubular necrosis (Fig. 13) .
Effect of chronic anti-TGF-␤ antibody therapy on cardiac hypertrophy and fibrosis. The effects of captopril, HCT, and 1D11 on the degree of cardiac hypertrophy and fibrosis are presented in Fig. 14 . Male Dahl S rats fed a 4% NaCl diet for 6 wk exhibited a marked increase in left ventricular (LV) wall thickness from a control value of 16.7 Ϯ 1.2 mm 2 /100 g to 23.1 Ϯ 1.7 mm 2 /100 g (Fig. 14A) . Chronic treatment of the rats with HCT, 1D11, captopril, or captopril plus 1D11 had no significant effect on the degree of left ventricular hypertrophy in Dahl S rats fed a 4% NaCl diet for 6 wk.
The degree of cardiac fibrosis increased from 2.2 Ϯ 0.5% to 16.2 Ϯ 2.1% of the area of the left ventricle in male Dahl S rats fed a 4% NaCl diet for 6 wk (Fig. 14B ). Chronic treatment with 1D11 significantly reduced the degree of cardiac fibrosis. Administration of HCT, which was most effective at lowering MAP, reduced the degree of cardiac fibrosis. Captopril did not reduce the degree of cardiac fibrosis when given alone, but it was equally effective as 1D11 and HCT when given in combination with 1D11.
A comparison of the degree of perivascular fibrosis in the heart is presented in Fig. 14C . Perivascular fibrosis increased from 0.7 Ϯ 0.1 to 2.40 Ϯ 0.1 in male Dahl S rats fed a 4% NaCl diet for 6 wk. Chronic administration of 1D11, HCT, or the combination of captopril ϩ 1D11 significantly reduced the degree of perivascular fibrosis. However, treatment with captopril had no significant effect on the degree of perivascular fibrosis.
DISCUSSION
This study compared sex differences in the renal expression of TGF-␤ and the development of proteinuria and glomerular injury in male and female Dahl S rats fed a 4% NaCl diet and the effectiveness of anti-TGF-␤ antibody (1D11) therapy on the development of proteinuria and renal injury in these animals. The results indicate that the baseline renal expression of active (25 kDa) TGF-␤1 and TGF-␤2 is lower in normotensive female than male Dahl S rats maintained on a 0.4% NaCl diet, while the levels of the latent 50-kDa forms are not significantly different. We found that the expression of active TGF-␤1 increases in male Dahl S rats fed a 4% NaCl diet, but it did not increase in female animals, and it remained significantly lower than that seen in the males. The upregulation of the expression of TGF-␤1 in the male animals fed a 4% NaCl diet was largely in the proximal tubules. The immunostaining for TGF-␤1 in the female animals fed a 4% NaCl diet was also much less than that seen in the males. These results are consistent with previous reports suggesting that a high-salt diet upregulates the expression of TGF-␤ in the kidney of male Dahl S rats (11) . Previous studies have indicated that the expression of TGF-␤ increases in the first few days of a high-salt diet before the development of a marked elevation in arterial pressure (10) , but as we found in the present study, the upregulation of the expression of TGF-␤ tends to return back toward control following the development of hypertension and renal injury in male rats fed a 4% NaCl diet for several weeks. This suggests that the change in salt load and associated neurohumoral factors, rather than hypertension and renal injury, likely triggers the upregulation of the expression of TGF-␤.
To determine a sex-dependent effect of TGF-␤ blockade on the development of hypertension, young 6-wk-old male and female Dahl S rats fed a 4% NaCl diet for 3 and 4 wk, respectively, were studied. Both male and female Dahl S rats developed severe hypertension and proteinuria when fed a 4% NaCl diet. Females displayed proteinuria levels statistically different from the 1D11-treated rats after 4 wk on a 4% NaCl diet, a response similar to that seen in males after 3 wk on a 4% NaCl diet. Additionally, blood pressure measurements were similar in males fed a 4% NaCl diet for 3 wk and females fed a 4% NaCl diet for 4 wk. The degree of baseline glomerular injury was significantly less in female compared with male rats maintained on a 0.4% NaCl diet throughout the study. However, after 4 wk on a 4% NaCl diet, female Dahl S rats exhibited a similar degree of glomerular damage as that seen in the male rats. Treatment with 1D11 was equally effective in reducing proteinuria, glomerular injury, and renal fibrosis in both male and female Dahl S rats fed a 4% NaCl diet. This finding is somewhat surprising in that unlike male rats fed a 4% NaCl diet, TGF-␤ levels failed to increase in female Dahl S rats. This may suggest that the basal expression of TGF-␤ in female Dahl S rats is permissive and sufficient to promote renal injury. Alternatively, we may not have been able to detect important changes in the levels of TGF-␤ in some critical renal cell populations such as podocytes, fibroblasts, or infiltrating macrophages because the basal levels in the proximal tubules that make up the bulk of the cortical samples were unchanged. Overall, our findings are the first to show a lack of a sex difference in the development of hypertension and proteinuria in male and female Dahl S rats fed a high-salt diet for 3-4 wk. Our findings differ from the conclusion of a previous study by Hinojosa-Laborde et al. (16) , who reported that blood pressure increased to 154 mmHg in male vs. 141 mmHg in female Dahl S rats fed an 8% NaCl diet for 2 wk. The reasons for the difference in these two studies are unknown; but there are differences in the experimental design. First, we studied Dahl SS/Jr rats obtained from a colony provided by John Rapp at the Medical College of Ohio and fed them a 4% NaCl diet for 3 or 4 wk, whereas the rats in the previous study were purchased from Harlan Sprague Dawley and were only challenged with high salt for 2 wk. Our rats were maintained on AIN76-defined diet for 3-4 wk, while the rats in the previous study were fed a grain-based diet. In this regard, Mattson and colleagues (13, 26) reported that grain-based diets and the type of protein in the diet, casein vs. gluten, affect the development of hypertension and renal injury. Indeed, the degree of hypertension was far more severe in our rats, and MAP increased to more than 180 mmHg, whereas it only reached ϳ150 mmHg in the male rats in the previous study.
We also evaluated the ability of chronic TGF-␤ antibody therapy to oppose the development of hypertension and renal injury when given alone or in combination with commonly prescribed antihypertensive therapies. These studies were first performed in young 6-wk-old female Dahl S rats, since they exhibited much less preexisting renal damage than agematched males. Administration of 1D11 lowered MAP and significantly reduced proteinuria, glomerular injury, and the percentage of tubular necrosis and protein casts in the outer medulla after 4 wk on a 4% NaCl diet. Administration of HCT and diltiazem markedly attenuated the development of hypertension and greatly reduced the development of proteinuria. Captopril had no effect on MAP but significantly reduced proteinuria. The renoprotective effects of diltiazem and HCT are likely due to their antihypertensive properties, whereas the beneficial effects of 1D11 are likely due to its ability to oppose the profibrotic effects of TGF-␤. The effect of captopril on proteinuria may result from a reduction in glomerular capillary pressure and the filtered load of protein, since blockade of the renin-angiotensin system would be expected to selectively reduce the resistance of the efferent arteriole. Even though captopril, diltiazem, and HCT reduced protein excretion and the percentage of protein casts within the outer medulla, they did not significantly reduce the degree of glomerulosclerosis. Administration of 1D11 did significantly reduce the degree of glomerular injury in the rats given diltiazem and HCT, but the degree of renal protection was not greater than that seen in the animals receiving 1D11 alone. A recent study by Ma et al. (25) shows inhibition of infiltrating Fig. 13 . Effects of add-on therapy with 1D11 with other antihypertensive drugs on the percentage of protein casts in the outer medulla in 9-wk-old male Dahl S rats with preexisting renal injury fed a 4% NaCl (HS) diet for 6 wk. The rats were treated with captopril (Cap; 50 mg·kg ) or hydrochlorothiazide (HCT; 100 mg/kg/day) in the drinking water, or received either intraperitoneal injections of 1D11 (0.5 mg/kg ip) or vehicle every other day for 6 wk. Numbers in the bars indicate the number of animals per group. Values are presented as means Ϯ SE. *Significant difference (P Ͻ 0.05) from the corresponding value in rats fed a control diet. #Significant difference (P Ͻ 0.05) from the value in rats fed a 4% NaCl diet. macrophages reduces progressive fibrosis following anti-TGF-␤ antibody therapy. These effects were noted with an increase in MMP-9 activity and decrease in plasminogen activator inhibitor-1, suggesting that inactivation of TGF-␤ with the neutralizing anti-body, 1D11, promotes degradation of ECM formation. It should be noted that chronic administration of anti-TGF-␤ shows no immune dysregulation or alteration in immune parameters in mice. This is in contrast to TGF-␤ knockout mice, which develop widespread systemic inflammation and autoantibody formation (34) . Together, these data suggest that blocking TGF-␤ with 1D11 may be beneficial in opposing the progression of renal fibrosis and glomerular damage in patients with salt-sensitive forms of hypertension and renal disease associated with elevated renal levels of TGF-␤.
The present study also examined whether chronic blockade of TGF-␤ with the anti-TGF-␤ antibody, 1D11, could reverse the progression of proteinuria and glomerular injury when given to 9-wk-old male Dahl S rats with preexisting proteinuria and renal injury. Despite having no effect on MAP, treatment with 1D11 lowered protein excretion after 3 wk of a 4% NaCl diet. However, this renoprotective effect waned after the rats were maintained on the 4% NaCl diet for 6 wk. A similar initial reduction in proteinuria was noted in rats treated with HCT and captopril plus 1D11, but again the renoprotective effects of these treatments were lost with more prolonged exposure to the 4% NaCl diet as MAP rose. None of the treatments reduced the degree of glomerulosclerosis in these animals, but treatment with 1D11 and captopril plus 1D11 markedly reduced the degree of vasa recta fibrosis. This suggests that antihypertensive or anti-TGF-␤ therapy, unlike the effects seen in female rats to delay the development of glomerulosclerosis, cannot reverse the degree of glomerular injury in male rats with preexisting renal injury. Despite the fact that long-term treatment with 1D11 only delayed, but could not prevent, the development of proteinuria and glomerulosclerosis, it was still very effective at reducing the cardiac interstitial and perivascular fibrosis. This protective effect was observed in the absence of a reduction of blood pressure. Captopril was the least effective agent, but add-on therapy with 1D11 enhanced its ability to reduce cardiac fibrosis in the absence of a fall in MAP after 6 wk of a 4% NaCl diet. The marked improvement in cardiac fibrosis in rats treated with the anti-TGF-␤ antibody would be expected to better and perivascular fibrosis (C) in 9-wk-old Dahl S rats with preexisting renal injury fed either a control (C) or 4% NaCl (HS) diet for 6 wk. Animals were treated with intraperitoneal injections of 1D11 (0.5 mg/kg ip), captopril (Cap; 50 mg·kg Ϫ1 ·day Ϫ1 ), or hydrochlorothiazide (HCT; 100 mg·kg Ϫ1 ·day Ϫ1 ) in the drinking water. Numbers in bars indicate the number of animals per group. Values are presented as mean Ϯ SE. *Significant difference (P Ͻ 0.05) from the corresponding value in rats fed a control diet. #Significant difference (P Ͻ 0.05) from the corresponding value in rats fed a 4% NaCl diet.
preserve diastolic function and may delay the onset of cardiac failure in these animals.
Overall, the results of the present study indicate that neutralizing TGF-␤ with 1D11 may be beneficial in opposing the development of renal fibrosis and glomerular damage in patients with salt-sensitive forms of hypertension. This occurs through increased degradation and reduced deposition of ECM, reducing progressive fibrosis in both renal and cardiac tissues. These findings suggest that the addition of TGF-␤ antibody therapy may offer some supplementary protection against the progression of proteinuria and glomerular disease over other antihypertensive therapies in patients with salt-sensitive forms of hypertension.
Significance and Perspectives
The present study indicates that basal renal expression of TGF-␤ is reduced in female vs. male Dahl S rats and that it increases in male rats fed a HS diet for 1-3 wk, but it does not increase in female rats. Sex differences in the regulation of the renal expression of TGF-␤ may contribute to increased severity of renal disease in males. Nevertheless, chronic treatment with an anti-TGF-␤ antibody was equally effective at reducing proteinuria, cardiac and renal fibrosis, and glomerular damage in both male and female Dahl S rats fed a HS diet, suggesting that anti-TGF-␤ therapy might afford additional renoprotection opposing the progression of renal fibrosis and glomerular damage in patients with salt-sensitive forms of hypertension and renal disease associated with elevated renal levels of TGF-␤.
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